A promising way to model fracture mechanics with the use of an original Discrete Element Method (DEM) is proposed. After proving the ability of the method to capture kinetic damage induced by cracking phenomena in brittle materials such as silica [1], taking advantage of the method for composite materials applications is the main purpose of this work. This paper highlights recent and current developments to prove abilities of the DEM to give some answers to challenges : i) use the present DEM to model damage mechanisms (matrix cracking, debonding, fiber break and delamination) in a composite material ii) deal with impact applications on dry fabrics using the DEM. All developments are made in the home made software GRANOO (GRANular Objet Oriented) [2] . The promising results are commented and the on going developments are exposed.
Introduction
The increasing market of composite in the aeronautical sector in particular imposes statutory requirements for the safety of the properties and the persons. Concerning the composite material, a major industrial stake is to propose a structural material performing against impacts such as falls of tools during the maintenance, tire debris projections or hail storm but also composite textile for the debris containment. Faced with the need to strongly reduce experiments for the benefit of numerical simulations, the issue is then to develop numerical models always more efficient. Then, the trend is to favor multiscale approaches allowing a dialogue between a local damaged zone and the global behavior of the considered structure.
Within this framework, several approaches are proposed in literature [5, 6, 7, 8, 9] . The one developed by the research team in the lab consists in a direct coupling approach between a Discrete Element Method (DEM) [10] in the process zone and a more conventional continuous method, as FEM or variant meshless method called Constrained Natural Element Method (CNEM), beyond the process zone. This coupling, based on Arlequin technique [11] has already led to very good results in static application of glass indentation [1] and more recently, in dynamic application of a laser impact on glass [12] .
The new challenge for about 3 years is to use the DEM developed in the laboratory [18] to treat the damage intitiation and propagation in composite material (composite textile, Composite Fiber Reinforced Polymer (CFRC), Composite Fiber Reinforced Ceramic (CFRC)), Figure 1 , and then, to deal with the case of impact on composite structure using a coupling method.
In this section, recent and current developments are highlighted to give some answers to challenges: i) use the present DEM to model damage mechanisms (matrix cracking, debonding, fiber break and delamination) in a composite material ii) capture contact effects and tows realignment till rupture for dry fabrics iii) deal with impact applications using the DEM coupled with a continuous method if necesary iv) deal with high strain rates behavior and damages induced by laser shock. Researches on item iv), related to an adhesive bonding test in composite laminates, just start and are not exposed hereafter. However, laser impact on silica glass is illustrated in the last chapter of Vol. 2 book [35] ( 'Discrete-continuum coupling method to simulate highly dynamic multi-scale problems: Simulation of Laser-induced damage in silica glass').
As mentionned above, all developments and implementations are made in the lab. software GRANOO [2] . The general concepts of the DEM developed in the laboratory are firstly given. Then, the way to geometrically and mechanically modelize a single (Representative Elementary Volume, REV * ) or multi-fibers (Statistical Elementary Volume, SEV * ) composite media with Dicrete Elements (DE) is presented. Tensile and shearing tests on the REV are simulated to assess the homogenized properties. The ability of the method to capture matrix cracking, debonding and fiber break using two failure criterions is also demonstrated through the simulations. The on going developments are presented. The next section focuses on the DCB test performed with the DEM. Contact cohesive laws are identified from experiments and implemented in GRANOO. Results are discussed and the ways of improvements are notified. Finally, impact on textile using the DEM is pointed out in the last section. The way to modelize the dry textile weaving with DE is exposed. The contact between yarns is naturally taken into account in the DEM. Numerical investigations based on Ha-Minh & co. Works in [3, 4] taken for reference are performed. The promising results are commented and the on going developments are exposed. Some conclusions and perspectives complete this paper.
2.
Some words about present DEM and challenges for composites.
Origin and evolution
Originally, the DEM permits to model granular medias taking into account the contact between the grains. For instance, it has been useful to treat the friction between two bodies involving a third body [13] . The method has been recently adapted [14] to model continuous media liable to crack under loading. The bet is to use the DEM as an alternative to the continuum damage mechanics and the fracture mechanics to represent damage propagations in materials. The DEM seems to be a relevant method from this point of view.
Scales addressed
The DEM can address several scales depending on the physical phenomenon to highlight. In our applications, it usually takes place at microscale involving discrete element as a cluster of one thousand atoms. Composite Materials and Structures in Aerospace Engineering
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Geometrical and mechanical modeling
The shape of the discrete element (DE) can be chosen. It must be adapted to the problem to deal with. By convenience, spherical DE are employed most of the time but more complex geometries could be however envisaged by the use of Voronoi cells for instance [15, 16] . The DE are characterized by their inertial matrix necessary for dynamic applications aimed. In GRANOO software, an explicit integration scheme, Verlet [17] is used in the DEM method naturally formulated to rather deal with fast dynamic applications. To model the mechanical behavior, cohesive bonds are introduced between the DE at microscale. These bonds can be simple springs or beams [14] for more complex behaviors. The idea is to use the simplest interaction laws as much as possible sufficient to emerge macroscopic behaviors. In brief, the DE geometry associated with the density carries the inertial quantities whereas the cohesive bonds between DE pilot the behavior.
Challenges in composite
After proving the ability of the method to capture kinetic damage induced by cracking phenomena in brittle materials such as silica [1, 35] , the motivation of authors is now to take advantage of the method for composite materials applications. Items i) to iv) are aimed.
Main ideas about recent and in progress developments (except iv) not presented) to face the challenges in composite are reported hereafter.
First challenge: model a composite media and cracks propagations with DEM
In the first work about this challenge, the fiber and the matrix have been considered in a monodisperse * media. Some of the results published in [34] are summarized below. Significant improvements on this challenge are provided in the last paragraph. They resulted in an article just accepted in Composite Part B journal for review and to be published after minor revisions [36] .
Modeling a REV: single fiber blooded in matrix
The geometrical modeling of the fiber and the matrix is guided by the following requirements and assumptions: i) use the simplest DE shape, ii) adopt a compatible DE size with the scale of mechanisms to observe, iii) adopt a radius distribution to get a correct representation of the continuous medium (compaction and isotropy), iv) use a sufficient number of DE to ensure the macroscopic results are not sensitive to the discretization. As mentioned above, DE of spherical shape are used for efficiency reasons. The size of spheres is varying according to a Gaussian distribution. It is chosen in such a way to be able to analyse the mechanisms of degradation at the scale they occur; the matrix micro-cracking, the fiber/matrix debonding and the failure of fibers are the interesting mechanisms. Their number and their size have also to allow a good geometrical representation of the fiber/matrix interface. Practically, building the continuous medium (fiber or matrix) consists of placing at one time a set of DE whose radius has been beforehand chosen according to the required distribution. This stuffing operation is followed by a phase of relaxation to get the best cohesion of the isotropic continuous. The last is governed by two criteria: an optimal rate of compaction (ratio between the volume of spherical DE and the enveloping volume) of 6.3 and a minimal number of coordination (number of contacts by DE) of 6 [18] . Even if the objective at this stage is not to study the degradation of the fiber, its modeling uses the same distribution (casting) of DE as the matrix. This choice allows: i) to avoid prohibitive filling times due to significant differences of size, ii) to get a sufficient fine representation of both the media (fiber and matrix) and the interface. At this stage, being able to represent damage mechanisms at the fiber scale does not present any interest except for the final failure but this will be usefull in the future when intra yarn fissuring will be considered. A cubic domain is considered as the representative elementary volume (REV). It is made of a cylindrical carbon fiber flooded in an epoxy matrix. Results are widely available in the literature [19] for such a REV. It also corresponds to a will to avoid too prohibitive times of simulations. The main objective at this stage is to prove the interest of the present DEM for the modeling of the damage mechanisms in composite. For the present REV, the fiber is assumed to be of a cylindrical shape. Its diameter is such as the fraction of fiber is of the order of 51.3%. This corresponds to an arbitrary fixed value. The length of the cell in the fiber direction results from an analysis of sensibility [20] . The Figure 2 presents the elementary volume by distinguishing the cylindrical volume of the fiber of that cubic of the matrix. For mechanical modeling, cohesive beams are placed between the fiber DE and the matrix DE but also between the fiber/matrix DE in order to model the behavior of each continuum and the interface. For the REV in Figure 2 , 130516 fiber bonds, 115096 matrix bonds and 8282 fiber-matrix bonds were generated between DEs. The beams are supposed to be brittle elastic. Their mechanical properties, introduced at the microscopic scale, are calibrated to find the elastic and failure properties observable at a superior scale. Continum fiber, matrix, and interface elastic and failure properties are mainly adressed. The REV has material properties extracted from literature [21] and listed in Table 5 . Thereafter, the subscripts M and µ denote respectively the macroscopic and microscopic variables whereas the superscripts fib , mat and f−m denote respectively a variable concerning the fiber, the matrix and the fiber-matrix. E M , ρ M , ν M , σ failM are respectively the macroscopic Young modulus, the density, the Poisson ratio, the macroscopic stress failure and D, the fiber diameter. Hereafter, isotropic properties are adopted for the carbon fiber by convenience. This assumption has no consequence for primary studies presented here. The transverse isotropy of the carbon fiber will be introduced in future works. Moreover, the interface cohesive bonds are chosen identical to those of the matrix at this stage of work. Table 1 : Calibration of the discrete bounds properties of fiber and matrix.
Homogeneized elastic properties of a REV
The first motivation is to see if the homogeneized elastic and failure properties are correctly evaluated with the DEM. In this purpose, longitudinal (L) and transversal (T) tensile tests but also in plane (LT) and out of plane (TT') tests are performed on the REV. The boundary conditions are shown shematically in Figure 3 . Five discrete domains, Table 2 , are built for simulations to check the influence of the number of DE and the influence of the random position of the DE. A volumic fraction of fiber of 51.3% is arbitrary chosen.
Mono-disperse medium * means that the same size of DE is used for fiber and matrix. A numerical sensor located at the loading face for each test has been used to measure the evolution of the force in order to calculate a macroscopic stress in the elementary cell. The time step is about 10 -9 s. In this validation step, the viscous behavior of the epoxy matrix is first neglected. Only a brittle elastic behavior is taken into account. Figure 4 illustrates typical responses obtained for E L and E T with the DEM. Non-stabilized oscillations subsist due to the explicit time integration and the fact that no numerical or physical damping have been introduced. [21, 22, 23] and numerical ones obtained with conventionnal FEM. Table 3 : Elastic properties of the UD composite obtained with the theory, the DEM and the FEM.
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The value of elastic properties reported in Table 3 are finally obtained by a sliding average value calculated over several time periods excluding the 10000 first iterations of the loading ramp. Despite the assumptions made by convenience at this stage of work, the results using present DEM are in the same range with the theoretical ones. They confirm a good tendency. They could be significantly improved using more matrix DE in the narrowest area of (a D)/2 size to reduce edge effects for example. Moreover, it can be observed that elastic and shear moduli are rather influenced by the way of building discrete samples than by the number of DE. So, the filling procedure leading to different discrete domains for a same number of DE can be a natural way to take into account material variability.
Failure criterions and cracks propagations capabilities
The ability of the present method to capture cracks propagation is illustrated through the longitudinal tensile test. Two failure criterion based on a stress formulation have been implemented. The simplest one consists in breaking the cohesive beam between two DE when the limit tensile stress is reached in this beam. Then, the failure process is represented by the successive beam failures. It is called breakable bonds failure process (BBF). The second criterion takes into account all the cohevive beam attached to a DE by the use of a virial tensor. This virial tensor is calculated from the generalized efforts (forces and torques) in the beam by the relation, Eq. 1:
The failure criterion is to form an equivalent stress based on the component of the virial tensor (depending of the physic to capture) compared with a microscopic failure limit stress σ fail µ . The criterion is satisfied when the equivalent stress basically egals the limit stress. It is evaluated for each DE ; that is to say that for a given DE, the bonds (beams) attached to this DE are deleted when the criterion is satisfied but the DE can be stored and the treatment of contact with the adjacent DE can be engaged. It may be a convenient way to model debris introduced by damages in composite. This failure process is called the removed discrete element failure process (RDEF).
A pure qualitative comparison of the two failure criterions, BBF and RDEF, is given through the tensile test (L). Following illustrations are given using the #2b discrete domain. It is not sought specific physical interpretations at this stage but just to highlight the method capabilities. The evolutions of the broken bonds in matrix, fiber and at interface fiber-matrix are plotted on Figures 5 and 6 in relation with the macroscopic stress-strain curve for respectively BBF and RDEF criterion.
(1)
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The broken bonds are also displayed on Figures 7 and 8 to illustrate the propagation of the failure inside the elementary cell. For clarity, only the fiber-matrix beams and the broken beams in the REV are represented respectively in red and blue color. Some qualitative remarks can be done from this test: i) using RDEF criterion, damages appear progressively in the fiber during a longer strain duration than with using BBF criterion ; ii) cracks inititate differently using BBF or RDEF criterion. Indeed, a more local initiation can be noticed using BBF ; iii) using RDEF criterion, the crack mainly propagates through the matrix, see Figures 8(c) and 8(g), whereas it mainly propagates through the interface fiber-matrix with BBF criterion ; iv) the macroscopic failure strain ε failM is higher with the RDEF process than with BBF one. The same test has been simulated using the other discrete domains presented in Table 2 . Table 4 summarizes the macroscopic failure properties obtained. Results appear fairly dispersed. Otherwise, the use of RDEF criterion seems to led to higher values than those obtained with BBf criterion. The 
Recent progress and achievements on this first challenge [36]
a) Bi-disperse * medium is now implemented for modeling SEV made of fibers randomly distributed within an elementary volume. Only the longitudinal behavior (tension-compression) is taken into account using only one DE in the fiber diameter. Fiber DE geometrically overlap in order to best represent the continuity of the fiber, Figure 9 . Then, SEV made of fiber could be considered using an acceptable number of DE.
Bi-disperse medium * means that the size of fiber DE is larger than the size of matrix DE.
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Composite Materials and Structures in Aerospace Engineering Another notable achievement since works in [34] is the implementation of a cohesive contact law between fiber and matrix for fiber/matrix debonding and delamination abilities. It takes place between a DE belonging to the fiber and a one of the matrix, Figure 10 . At this stage of work, usual linear by piece contact laws are adopted for normal and shear behavior. normal contact shear contact Figure 10 : Constitutive behavior of contact softening model For both cases, the contact strength decreases to zero when the displacement reaches the maximum displacement u i p , i=n or s. u i p is related to the fracture energy release rate G. The crack at interface can propagate in mode I (crack opening), mode II or mode III (shear) and mixte-mode [30] . The fracture energy release rate for mode I and mode II is expressed by Eq. 2: G I =0,5 σ n max u n p and G II =0,5 σ s max u s p (2) with σ i max = F i max /S, S=πR 2 , R=0,5(R 1 +R 2 ) and R 1 ,R 2 are the radius of the particles in contact, Figure  11 . 
c)
In addition to valuable qualitative results provided by the DEM, quantitative results are achieved. The ability of the method to properly capture damage propagations is demonstrated on DCB test (delamination in mode I) and on transverse tension test carried out on a single and multifibers composite specimens [36] . Some illustrations are given in Figures 12, 13, 14 , 15, 16. 
Works in progress on this first challenge a)
Efforts are made now to identify the parameters of the cohesive contact law by using a reverse approach. Algorithms of optimization are implemented in this purpose. Fragmentation test is studied at the moment [38, 39] . Pull-out and traction test [40] will be also adressed.
b)
Implementation of the variability of cohesive contact properties, cohesive bonds in matrix and fiber but also defects (porosity) due to elaboration is also planned.
Second challenge: modeling impact on dry fabrics
Simulations of impact on woven materials are already performed using the finite element method [3, 4] and especially shell elements. The shell elements usually model a yarn at the mesoscopic scale. The aim of the present work is to model a dry fabrics with discrete elements to assess the ultimate strenght before yarns rupture but also yarns rupture mechanisms till perforation.
Modeling a dry fabrics
The final interlock 3X to be considered is composed of an interlacing of yarns, 17 (a). Each yarns are composed of approximately 12000 of high resistance carbon fibers. The weft yarns are all straight and the warp yarns are either straight nor deviated through the thickness. Figure 18 shows a simple layout of spherical discrete elements to represent a yarn. All elements have the same diameter and are all in contact but without interpenetration. The final geometry is a combination of three different types of yarns: straight yarns in the weft and warp directions and through the thickness yarns. The through the thickness yarns are built using a periodic function ensuring no penetration occurs in the final geometric representation, Figure 17 (b).
Mechanical behavior with discrete element
As the mesoscopic scale, the yarn is supposed to be elastic fragile. This assumption is relevant regarding to experimental results of a static yarn tensile test [3, 4] . Then, the DE along the longitudinal direction of the yarn are bonded by simple linear breakable springs. The interaction force between two DE, 1 and 2, is expressed by Eq. 6:
where K µ represents the microscopic stiffness in N/m of the spring between the two DE, O 1 and O 2 their gravity centers, L 0 the initial distance between O 1 and O 2 . A mesoscopic stiffness K M can be define for a yarn as, Eq. 7:
where L y is the yarn length, S its cross section and E the equivalent young modulus of the yarn. As the yarn is modelized by a combination of identical springs arranged in series and parallel, the relation between the mesoscopic and microscopic stiffness depending on the number of spring in series, n s , and in parallel, n p can be easily established, Eq.8:
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Composite Materials and Structures in Aerospace Engineering K µ = n s n p K M (8) One can notice that the calibration of the microscopic properties reduced to K µ in this case is purely analytical. The failure criterion is based on a maximum elongation. The spring failure occurs when its elongation is greater than the one leading to the yarn failure. When it is broken, a spring is disabled for the rest of the computation.
Contact management between interlaced yarns
With present DEM, the contact between DE is naturally taken into account. When an interpenetration is detected (ie when the distance between two DE becomes lower than the sum of the radii of the two DE in contact), the reaction force F r between the two DE is computed as, Eq. 9:
where δ represents the interpenetration between two DE. The contact stiffness is assumed to be the same that the microscopic one by convenience. The density ED verifies n ED ρ ED V ED = m yarn where m yarn is the yarn mass, n ED and V ED denote respectively the number and volume of DE constituting the yarn.
Impact simulation with the DEM
In the present illsutration, a 5 cm x 5 cm square plain weave ply of Kevlar fibers is considered with two clamped edges and two free edges. Three projectile velocities are addressed: 60 m/s, 90 m/s and 245 m/s. Only a quarter of the domain is modeled thanks to the double symmetry of the plain weaving. The projectile is a rigid sphere with a diameter of 5.35 mm impacting at the center of the fabric on the cross of two yarns. Datas needed for simulations are summed up in Table 5 . No numerical damping is introduced for simulations. Figure 19 shows the damage progression during impact. A well-known pyramidal shape deformation is retrieved, Figure 20 . The unweaving caused by the impact as well as the yarns failure under the projectile can be captured. The opposition of a yarn, initially not fixed at its ends, accompanying the projectile until it passes through the textile is remarkable, Figure 19(d) .
Applied Mechanics and Materials Vol. 828 CPU time for this calculation is between 7 hours for the 60 m/s velocity impact and 2.5 hours for the 245 m/s one. These times are greatly lower than in similar simulations using FEM [41] where CPU time are between 17 hours and 8 hours for the same impact velocities.
This study was the opportunity to compute the energy balance during an impact. Thus, strain energy, contact energies (stiffness and friction) and kinetic energies (fabrics and projectile) can be assessed at each time of calculation. The energy balance during the impact at 245 m/s is plotted on Figure 21 . The projectile kinetic energy decreases until the last yarn failure occurs (time~100 s), then it remains constant. On the same time, a competition occurs between woven kinetic and strain energies. When a failure occurs in the fabric, the stored strain energy is released and transferred into kinetic energy. Friction effects during the impact induce a constant increasing energy. One can verify that the energy due to the artificial contact stiffness (named "contact energy" in figure 21) is not significant compared to the others.
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Finally, the conservation energy error during the simulation can be computed, Figure 21(b) . During the simulation, it never exceeds 0.7 %. Figure 22 for the three initial impactor velocities: 60 m/s, 90 m/s and 245 m/s. DEM results are compared with FEM [41] and one experimental measure. For each velocity, DEM and FEM results are coincident at the beginning of impact; the 'decrimping' of the fabric is well described. In contrast, they don't match when the first yarn failures occur resulting in a change of slope. This change appears later with DEM. The slope becomes zero when the projectile is passed through the fabric; its velocity remains constant. Results for 60 and 90 m/s are qualitatively in a good agreement with those found in [41] . A wider gap is observed for the higher impact velocity at 245 m/s. In this case, the predicted residual impactor velocity is 185 m/s whereas experimental result [42] and FEM prediction [41] respectively give 207 m/s and 225 m/s, figure 22 . So, it is underestimated with DEM and overestimated with FEM. Figure 22 : Projectile velocity for the three impacts simulation.
Future works on this challenge
Large developments on multi-scale approaches are proposed in literature to treat static or dynamic problems. Most of the time, they consist in 'comings and goings' between a local model and a global one, using the Finite Element Method (FEM). One originality is to propose a way to treat simultaneously local effects and global ones in the same model using a coupling approach between Applied Mechanics and Materials Vol. 828
the Finite Element Method and an original Discrete Element Method (DEM) developed in the lab. ; the idea is to capture damage mechanisms at a microscopic/mesoscopic scale only in the damage area with the DEM taking into account structural effects with FEM (or equivalent continuous method) beyond the damage area. A direct coupling between the two methods will be realized.
The challenge is then to realize this coupling for a dry textile or hybrid composite structure target impacted by a rigid or soft (elastomer) or fragmentable impactor, modeled using DEM to facilitate the treatment of contact between the target and strikes. Then, the variability at local scale (impacted area) could be also advantageously introduced.
Some of the items will be adressed in FULLCOMP european project through ESR10.
Conclusion
Present results clearly show the capabilities of the DEM to deal with composite material and dry fabrics at microscopic and mesoscopic scales. Qualitative but also quantitative results are demonstrated. Many others developments with DEM are in progress in the lab on glass materials and also on material exhibiting viscous and plastic behaviors.
